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Abstract² (YDOXDWLRQ RI KDQG SHUIRUPDQFH EDVHG RQ WKH
FROOHFWHGGDWDFDQEHXVHG WRREMHFWLYHO\DQGDFFXUDWHO\DVVHVV
WKH FKDUDFWHULVWLFV RI KDQG PRWLRQ TXDOLW\ IRU VWURNH SDWLHQWV
&XUUHQWKDQGPRWLRQDVVHVVPHQW LVXVXDOO\GRQHE\FOLQLFLDQV
ZKLFK LV KHDYLO\ GHSHQGHQW RQ WKH WKHUDSLVW¶V H[SHULHQFH DQG
VXEMHFWLYH MXGJPHQW WKH TXDOLW\ RI PRWLRQ LV QRW TXDQWLILDEOH
DQG LQWXLWLRQDO 7KLV SDSHU SURSRVHV DQ REMHFWLYH HYDOXDWLRQ
PHWKRG RI WKH KDQG PRWLRQ TXDOLW\ XVLQJ WKH RSWLFDO PRWLRQ
FDSWXUH V\VWHP FRPELQHG ZLWK %UXQQVWURP FULWHULD ZKLFK LV
DVVHVVPHQW D VFDOH FRPPRQO\ XVHG LQ FOLQLFV  7KH PRWLRQ
FDSWXUHV\VWHPLVXVHGWRGHWHFWWKHPD[LPXPUDQJHRIPRWLRQ
520RIWHQILQJHUMRLQWVGXULQJWKHKDQGPRWLRQ$.1HDUHVW
1HLJKERU DOJRULWKP LV DGDSWHG WR FODVVLI\ WKH KDQG PRYHPHQW
TXDOLW\ OHYHOV RI %UXQQVWURP HYDOXDWLRQ FULWHULD &RPSXWHU
UHFRJQLWLRQ RI UHKDELOLWDWLRQ DVVHVVPHQW RI PHGLFDO VFDOH LV
UHDOL]HGDQGLWFDQLQWXLWLYHO\DQGDFFXUDWHO\UHIOHFWWKHXVHU
V
KDQG PRYHPHQW VWDWH ([SHULPHQWV ZHUH GHVLJQHG E\ WDNLQJ
LQWR DFFRXQW WKH PRWLRQ FKDUDFWHULVWLFV RI %UXQQVWURP
DVVHVVPHQW DQG WKH 520 RI ILYH FRPPRQ KDQG PRYHPHQWV
LQFOXGLQJ FRPPRQ IOH[LRQ FRH[WHQVLRQ WKXPE IOH[LRQ
WKXPESLQFK DQG VSKHULFDO JUDVS ZHUH PHDVXUHG $
FRPSDUDWLYHVWXG\ZDVFRQGXFWHGEHWZHHQWKHSURSRVHGPHWKRG
DQGWKH%UXQQVWURPVFDOHDQGWKHUHVXOWVYHULILHGWKLVPHWKRG¶V
FDSDELOLW\LQHYDOXDWLQJWKHKXPDQKDQGPRWLRQTXDOLW\ZKLFK
KDVSRWHQWLDOIRUUHKDELOLWDWLRQHYDOXDWLRQRIWKHKDQGPRWLRQRI
VWURNHSDWLHQWVDQGWRSURYLGHWKHEDVLV IRUWKHIRUPXODWLRQRI
UHKDELOLWDWLRQWUDLQLQJSURJUDPV
, ,1752'8&7,21
:LWKWKHDJJUDYDWLRQRIWKHDJLQJRIVRFLHW\WKHQXPEHURI
SHRSOHZLWKG\VNLQHVLDFDXVHGE\VWURNHVDQGRWKHUFDXVHVLV
JURZLQJUDSLGO\,QSDUWLFXODUWKHODFNRIPRWRUIXQFWLRQLQWKH
XSSHU OLPEV DQG KDQGV VHULRXVO\ DIIHFWV WKH GDLO\ OLIH RI
SDWLHQWV 6WXGLHV KDYH VKRZQ WKDW WKH PRWRU IXQFWLRQ RI WKH
XSSHU OLPEV DFFRXQWV IRU  RI WKH WRWDO PRWRU IXQFWLRQ
ZKLOHWKHPRWRUIXQFWLRQRIWKHKDQGDFFRXQWVIRURIWKH
XSSHU OLPE PRWRU IXQFWLRQ>@ DERXW  RI VWURNH SDWLHQWV
VWLOOKDYHKDQGG\VIXQFWLRQDIWHUPRQWKVRIUHKDELOLWDWLRQ>@
0DLQO\PDQLIHVWHGDVDEQRUPDOLQFUHDVHRIPXVFOHWHQVLRQLQ

5HVHDUFK VXSSRUWHG E\ 1DWLRQDO 1DWXUDO 6FLHQFH )RXQGDWLRQ RI &KLQD
XQGHUJUDQWQXPEHUDQG([FHOOHQW'LVVHUWDWLRQ&XOWLYDWLRQ)XQGV
RI:XKDQ8QLYHUVLW\RI7HFKQRORJ\<6DOVRVXSSRUWHGE\WKH
8.(365&JUDQW(36Corresponding author: Juan Liu
</LXLVZLWK6FKRRORI,QIRUPDWLRQ(QJLQHHULQJ:XKDQ8QLYHUVLW\RI
7HFKQRORJ\/XRVKL5RDG:XKDQ&KLQDOLX\DRMLH#ZKXWHGXFQ
-/LX LVZLWK6FKRRORI,QIRUPDWLRQ(QJLQHHULQJ:XKDQ8QLYHUVLW\RI
7HFKQRORJ\/XRVKL5RDG:XKDQ&KLQDMXDQOLX#ZKXWHGXFQ
/$L LVZLWK6FKRRORI ,QIRUPDWLRQ(QJLQHHULQJ:XKDQ8QLYHUVLW\RI
7HFKQRORJ\/XRVKL5RDG:XKDQ&KLQDDLBOLQJ#ZKXWHGXFQ
4:HLLVZLWKWKH6FKRRORI,QIRUPDWLRQ(QJLQHHULQJ:XKDQ8QLYHUVLW\
RI7HFKQRORJ\/XRVKL5RDG:XKDQ&KLQDTLQZHL#ZKXWHGXFQ
4/LXLVZLWKWKH6FKRRORI,QIRUPDWLRQ(QJLQHHULQJ:XKDQ8QLYHUVLW\
RI7HFKQRORJ\/XRVKL5RDG:XKDQ&KLQDTXDQOLX#ZKXWHGXFQ
6 ;LH LV ZLWK WKH 6FKRRO RI (OHFWURQLF DQG (OHFWULFDO (QJLQHHULQJ
8QLYHUVLW\RI/HHGV/HHGV/6-78.HPDLOVT[LH#OHHGVDFXN
IOH[RU PXVFOHV FRQWUDFWXUH RI PXVFOHV DQG VRIW WLVVXHV
VZHOOLQJ RI KDQGV VWLIIQHVV SDLQ VHQVRU\ GLVWXUEDQFHV
GHFUHDVHGUDQJHRI ILQJHU MRLQWVDQGFRRUGLQDWLRQRI ILQJHUV
DQGG\VIXQFWLRQ,QFOLQLFWKHUHKDELOLWDWLRQHYDOXDWLRQRIWKH
SDWLHQWV
 QRWLRQ LV FDUULHG RXW ILUVW DQG DFFRUGLQJ WR WKH
HYDOXDWLRQ UHVXOWV DSSURSULDWH LQWHUYHQWLRQ PHDVXUHV ZHUH
WDNHQ WR KHOS SDWLHQWV ZLWK UHKDELOLWDWLRQ 5HKDELOLWDWLRQ
HYDOXDWLRQ LV HVVHQWLDO IRU PRQLWRULQJ SDWLHQWV
 UHKDELOLWDWLRQ
VWDWXV YHULI\LQJ UHKDELOLWDWLRQ UHVXOWV DQG GHWHUPLQLQJ
UHKDELOLWDWLRQLQWHUYHQWLRQV
$WSUHVHQWWKHUHKDELOLWDWLRQVWDJHRISDWLHQWVLVHYDOXDWHG
E\ UHKDELOLWDWLRQ SK\VLFLDQV FOLQLFDOO\ 7KH FRPPRQO\ XVHG
UHKDELOLWDWLRQ HYDOXDWLRQ PHWKRG LV WKH PHGLFDO VWURNH
HYDOXDWLRQ VFDOH WKH FRPPRQO\ XVHG DVVHVVPHQW VFDOHV DUH
%UXQQVWURP DVVHVVPHQW IXJOPH\HU )$0 DVVHVVPHQW
VLPSOH XSSHU OLPE IXQFWLRQ DVVHVVPHQW 67() /LQGPDUN
PRWRU IXQFWLRQ DVVHVVPHQW %DUWKHO %,$ IRUHILQJHU
$VKZRUWK VSDVP DVVHVVPHQW PHWKRG SRVWXUH DVVHVVPHQW
3$66 VFDOH HWF> @ 7KH UHKDELOLWDWLRQ HYDOXDWLRQ RI
GRFWRUV GHSHQGHQW RQ SHUVRQDO H[SHULHQFH DQG VXEMHFWLYH
FRQVFLRXVQHVVKHDYLO\VRLWLVLPSRVVLEOHWRREWDLQREMHFWLYH
DQG DFFXUDWH TXDQWLWDWLYH HYDOXDWLRQ UHVXOWV DQG YLVXDOO\
GLVSOD\ WKH LQIRUPDWLRQ RI SDWLHQWV
 UHKDELOLWDWLRQ VWDWXV ,Q
YLHZ RI WKLV VHULHV RI SUREOHPV PDQ\ UHVHDUFKHUV KDYH
SURSRVHG WKH PHWKRG RI PRQLWRULQJ SDWLHQWV
 UHKDELOLWDWLRQ
VWDWXV>@ +VX HW DO GHYHORSHG DQ LQHUWLDOEDVHG ZHDUDEOH
VHQVLQJ GHYLFH IRU PHDVXULQJ DQG HYDOXDWLQJ WKH UDQJH RI
VKRXOGHU MRLQW PRWLRQ>@ -LDQJ DQG RWKHUV DSSOLHG ZHDUDEOH
VHQVRU QHWZRUN DQG ,QWHUQHW RI 7KLQJV WHFKQRORJ\ WR WKH
UHKDELOLWDWLRQHYDOXDWLRQV\VWHPWRGHVLJQDUHPRWHXSSHUOLPE
UHKDELOLWDWLRQ HYDOXDWLRQ V\VWHP>@  %RQQHFKqUH DQG RWKHU
VHULRXVJDPHV6*FRPELQHGZLWK.LQHFWVHQVRUVWRFROOHFW
ZULVWUHODWLYHGLVSODFHPHQWGDWDIRUXSSHUOLPEUHKDELOLWDWLRQ
WUDLQLQJDQGHYDOXDWLRQ>@&KHQHWDOGHYHORSHGUHDOWLPHOHJ
PRWLRQWUDFNLQJHTXLSPHQWWRREWDLQDQNOHPRWLRQDQJOHGDWD
IRUORZHUOLPEUHKDELOLWDWLRQDVVHVVPHQW>@)URPWKHDERYH
PHQWLRQHGREMHFWLYH UHKDELOLWDWLRQHYDOXDWLRQPHWKRGV WKHUH
DUHPDQ\VLQJOHMRLQWDSSOLFDWLRQVLQWKHXSSHUOLPEVDQGORZHU
OLPEV 7KHUH DUH  GHJUHHV RI IUHHGRP LQ WKH KDQG DQG
FROOHFWLQJWKHGDWDRIKDQGPRYHPHQWLVGLIILFXOW/LHWDOXVHG
WKH9LFRQRSWLFDOPRWLRQFDSWXUHV\VWHPWRREWDLQFKDQJHVLQ
WKHDQJXODUPRWLRQRI WKHKDQGMRLQWVDQGYLVXDOO\GLVSOD\HG
WKH H[HUFLVH GDWD>@ EXW GLG QRW FRPELQH ZLWK WKH FOLQLFDO
PHGLFDOHYDOXDWLRQJUDGHFODVVLILFDWLRQPHWKRG
7KLVSDSHUSURSRVHVDPHWKRGRIKDQGPRYHPHQWTXDOLW\
UHKDELOLWDWLRQ HYDOXDWLRQ EDVHG RQ WKH 520 RI KDQG MRLQW
$FFRUGLQJ WR WKH FODVVLILFDWLRQ FULWHULD RI WKH KDQG H[HUFLVH
UHKDELOLWDWLRQOHYHOLQWKHFOLQLFDOPHGLFLQH%UXQQVWURPUDWLQJ
VFDOHWKHUDQJHRIMRLQWPRWLRQRIHDFKOHYHOLVTXDQWLILHGDVD
UHIHUHQFH WHPSODWH WKH UDQJHRIPRWLRQ520RIPDMRU
MRLQWVRIWKHKDQGZDVREWDLQHGWKURXJKWKHWKUHHGLPHQVLRQDO
<DRMLH/LX-XDQ/LX/LQJ$L4LQ:HL4XDQ/LX6KDQH;LHSenior Member, IEEE
2EMHFWLYH(YDOXDWLRQRI+DQG520DQG0RWLRQ4XDOLW\EDVHGRQ
0RWLRQ&DSWXUHDQG%UXQQVWURP6FDOH
 

)LJXUH5HKDELOLWDWLRQHYDOXDWLRQSURFHVV
PRWLRQ FDSWXUH V\VWHP 4XDOLV\V 7KH .1HDUHVW 1HLJKERU
DOJRULWKP LV XVHG WR FODVVLI\ WKH VXEMHFWV
 PRWLRQ GDWD WR
DFKLHYH WKH PDFKLQH LGHQWLILFDWLRQ RI WKH UHKDELOLWDWLRQ
HYDOXDWLRQ OHYHO RI WKH %UXQQVWURP 0HGLFDO 6FDOH 7KH
PHWKRGQRWRQO\LQWXLWLYHO\GLVSOD\VWKHPRYHPHQWVWDWHRIWKH
SDWLHQW
VUHKDELOLWDWLRQEXWDOVRUHIOHFWVWKHGLIIHUHQFHEHWZHHQ
WKHFXUUHQWUHKDELOLWDWLRQOHYHORIWKHSDWLHQWDQGRWKHUJUDGHV
7KHHYDOXDWLRQUHVXOWLVUDWHGE\%UXQQVWURPDQGLVFRQYHQLHQW
IRU FOLQLFDO DSSOLFDWLRQ 7KH PRWLRQ FDSWXUH V\VWHP DQG
H[SHULPHQWDOPHWKRGXVHGLQWKHH[SHULPHQWZLOOEHGHVFULEHG
LQGHWDLOLQWKHVHFRQGVHFWLRQRIWKLVSDSHU7KHWKLUGVHFWLRQ
ZLOO GLVFXVV WKH H[SHULPHQWDO UHVXOWV DQG WKH IRXUWK VHFWLRQ
ZLOOEHDVXPPDU\
,,0(7+2'6$1'0$7(5,$/6
7KH PHGLFDO VFDOH G\VNLQHVLD OHYHO DVVHVVPHQW LV D
VHPLTXDQWLWDWLYH DVVHVVPHQW PHWKRG 7R DFKLHYH WKH
UHKDELOLWDWLRQ DVVHVVPHQW RI D FRPSXWHULQWHJUDWHG PHGLFDO
VFDOH LW LV QHFHVVDU\ WR TXDQWLI\ WKH PHGLFDO VFDOH DQG
FKDUDFWHUL]HWKHDVVHVVPHQWOHYHODVDFULWHULRQIRUHYDOXDWLRQ
%UXQQVWURP
V DVVHVVPHQW RI WKH VWDQGDUG RSSRQHQW
V
DVVHVVPHQWLVPDLQO\WKHUDQJHRIIOH[LRQDQGH[WHQVLRQRIWKH
KDQGWKHPRVWGLUHFWUHVSRQVHWRWKLVODEHOHGSDUDPHWHULVWKH
520 RI WKH PDLQ PRWRU MRLQW RI WKH KDQG 7KH 520
HYDOXDWLRQVWDQGDUGLVGHYHORSHGDQGWKH520RIKDQGMRLQWV
LVFROOHFWHG$IWHUSUHSURFHVVLQJWKH.11PDFKLQHOHDUQLQJ
FODVVLILFDWLRQ LV SHUIRUPHG WR REWDLQ WKH %UXQQVWURP
HYDOXDWLRQUHVXOW7KHSURFHVVLVVKRZQLQ)LJ
A. Hand range of motion (ROM) 
7KHKDQGLVDPXOWLMRLQWHGKXPDQERG\FRQVLVWLQJRI
ERQHV GLYLGHG LQWR WKH ZULVW PHWDFDUSDO DQG SKDODQ[ WKH
DQDWRP\RIWKHKDQGLVVKRZQLQ)LJ7KHILQHPRYHPHQWV
RI WKH KDQG DUH PDLQO\ GRQH E\ WKH PHWDFDUSDO DQG
SKDODQ[>@ ([FHSW IRU WKH WKXPE ZKLFK KDV RQO\ 
SKDODQJHV WKH RWKHU ILQJHUV KDYH  SKDODQJHV QDPHO\ WKH
SUR[LPDO SKDODQ[ WKH PLGGOH ILQJHU ERQH DQG WKH GLVWDO
SKDODQ[7KHMRLQWFRQQHFWLQJWKHPHWDFDUSDODQGSKDODQ[LV
FDOOHG WKH PHWDFDUSRSKDODQJHDO MRLQW 0&3 DQG WKH
PHWDFDUSRSKDODQJHDOMRLQWLVFORVHWRWKHPHWDFDUSRSKDODQJHDO
MRLQW7KHSUR[LPDO LQWHUSKDODQJHDO MRLQW ',3 IROORZHGE\
WKHGLVWDOLQWHUSKDODQJHDOMRLQW3,3
-RLQW 520 GLUHFWO\ UHIOHFWV WKH OHYHO RI UHVLGXDO PRWRU
IXQFWLRQLQKHPLSOHJLFSDWLHQWV ,W LVDOVRFRPPRQO\XVHGLQ
FOLQLF DQG LV PHDVXUHG E\ SURWUDFWRU $FFRUGLQJ WR WKH
DQDWRPLFDO GHILQLWLRQ WKH VWDQGDUG KXPDQ MRLQW PRELOLW\ LV
VKRZQLQ7DE,6WXGLHVKDYHVKRZQWKDWLQRUGHUWREHQGWKH
SUR[LPDO LQWHUSKDODQJHDO MRLQW WR D FHUWDLQ DQJOH WKH GLVWDO
LQWHUSKDODQJHDO MRLQW PXVW DOVR IROORZ D FHUWDLQ DQJOH RI
EHQGLQJ7KHPRYHPHQWRI WKH WZR MRLQWVKDV WKH IROORZLQJ
OLQHDU FRQVWUDLQW UHODWLRQVKLS ୔୍୔ ൌ 	? 	?ൗ ୈ୍୔ >@7KH PDLQ MRLQWV RI WKH KDQG PRYHPHQW DUH WKH
PHWDFDUSRSKDODQJHDO MRLQW DQG WKH SUR[LPDO LQWHUSKDODQJHDO
MRLQW DIWHU WKH SDWLHQWV
 KDQG PRYHPHQW IXQFWLRQ LV IXOO\
UHFRYHUHGWKHPD[LPXP520RIWKHKDQGMRLQWFDQUHDFKWKH
IROORZLQJFULWHULD

)LJXUH+DQGMRLQWGLDJUDP
7$%/(,6WDQGDUG520RIILQJHUMRLQW
-RLQW 5HIHUHQFHYDOXHe
7KXPEPHWDFDUSRSKDODQJHDOIOH[LRQ 
)RXUILQJHUPHWDFDUSRSKDODQJHDOMRLQWIOH[LRQ 
7KXPELQWHUSKDODQJHDOMRLQWIOH[LRQ 
)RXUILQJHULQWHUSKDODQJHDOMRLQWIOH[LRQ 3UR[LPDO'LVWDO
B. Brunnstrom scale for hand motion quantification 
$FFRUGLQJ WR WKH VL[ VWDJHV RI WKH UHFRYHU\ SURFHVV RI
KHPLSOHJLF PRWRU IXQFWLRQ %UXXQVWURP UHKDELOLWDWLRQ
HYDOXDWLRQ VWDQGDUG SURSRVHV H[HUFLVH HYDOXDWLRQ VWDQGDUGV
DFFRUGLQJ WR WKH FKDUDFWHULVWLFV RI XSSHU OLPEV ORZHU OLPEV
DQG KDQG PRYHPHQWV DW HDFK OHYHO ,W LV WKH HYDOXDWLRQ
VWDQGDUG IRU FOLQLFDOXVH LQPDQ\ KRVSLWDOV 7KHUH DUH PDQ\
DFWLRQV LQ WKH HYDOXDWLRQ RI XSSHU OLPEV DQG KDQG IXQFWLRQ
(DFKDFWLRQLVGLYLGHGLQWRIXQFWLRQDOOHYHOVWRSRLQWV
7KHIXQFWLRQRIWKHXSSHUOLPEVDQGKDQGVLVUHSUHVHQWHGE\
WKHVFRUH7KHPHWKRGRIUDQNLQJLVSRLQWVQRMRLQWVPRWLRQ
SRLQW7KH MRLQWPRYHPHQW WREH WHVWHG UHDFKHVRI WKH
QRUPDOUDQJHRIPRWLRQSRLQWV7KHMRLQWPRYHPHQWWREH
WHVWHGUHDFKHVRIWKHQRUPDOUDQJHRIPRWLRQSRLQWV7KH
 
MRLQWPRYHPHQWWREHWHVWHGUHDFKHVRIWKHQRUPDOUDQJHRI
PRWLRQSRLQWV7KHMRLQWPRYHPHQWLVXSWRWKHIXOOUDQJHRI
QRUPDODFWLYLWLHV>@
,Q WHUPV RI KDQG IXQFWLRQ DVVHVVPHQW LW LQFOXGHV 
IXQFWLRQ OHYHOV>@ LH , VOXJJLVK QR PRYHPHQW ,, RQO\
VOLJKWILQJHUIOH[LRQSDVVLYHPRYHPHQWVHQVDWLRQ,,,ILQJHU
EXFNOLQJFDQEHIOH[HGEXWQRWVWUHWFKHG)LQJHU,9FDQJULS
DQGUHOHDVHWKHWKXPERQWKHVLGHWKHILQJHUFDQEHVWUHWFKHG
LQDVPDOOUDQJHDWZLOO9VLGHSLQFKDQGUHOHDVHILQJHUDQG
UHOHDVHILQJHUWLSVSLQFKDQGUHOHDVHFROXPQDUJULSDQGUHOHDVH
9,3HUIRUPDYDULHW\RIKDQGPRYHPHQWVEXWWKHVSHHGDQG
DFFXUDF\LVVOLJKWO\ZRUVH$FFRUGLQJWRWKHPRYHPHQWRIWKH
KDQG WKH UHKDELOLWDWLRQ WUDLQLQJ DQG HYDOXDWLRQ DFWLRQV DUH
GLYLGHG LQWR ILYH FRPPRQ IOH[LRQ FRH[WHQVLRQ WKXPE
IOH[LRQWKXPESLQFKDQGVSKHULFDOJUDVS>@
$FFRUGLQJ WR WKH %UXXQVWURP VWDQGDUG DQG WKH VWDQGDUG
MRLQW520RIWKHNQXFNOHVWKHPD[LPXPMRLQW520RIHDFK
MRLQW IOH[LRQ LV PHDVXUHG 7KH MRLQW PRWLRQ UDQJH RI WKH
UHKDELOLWDWLRQ HYDOXDWLRQ OHYHO LV GHWHUPLQHG E\ WKH DFWLRQ
FRPSOHWLRQ GHJUHH 	?Ȁ	? 	?Ȁ	? 	?Ȁ	? 	?DV WKH TXDQWLWDWLYH
FRHIILFLHQW6HSDUDWHO\H[SUHVVWKH%UXXQVWURPJUDGH,,,,,9
9 9, %UXXQVWURP JUDGH , DQG JUDGH ,, G\VNLQHVLD SDWLHQWV
KDYHQRDFWLYHMRLQWDFWLYLW\VRGRQRWTXDQWLI\WKHVWDQGDUG
WKH PHWKRG SURSRVHG LQ WKLV SDSHU DSSOLHV WR UHKDELOLWDWLRQ
HYDOXDWLRQRISDWLHQWVZLWKDFWLYHMRLQWPRWLRQDERYHJUDGH,,,
7KHWROHUDQFHIRUHDFK MRLQWDFWLYLW\ LVVR WKHDFWLYLW\RI
HDFKMRLQWLQWKHWHPSODWHLVVHWVRIGDWD
C. Hand motion data acquisition and preprocessing 
+DQGPRWLRQGDWDDFTXLVLWLRQXVHV WKH WKUHHGLPHQVLRQDO
RSWLFDOPRWLRQFDSWXUHV\VWHP4XDOLV\VZKLFKLVRQHRI WKH
PRVW DGYDQFHG PLOOLPHWHUOHYHO WKUHHGLPHQVLRQDO LQIUDUHG
PDUNHU PRWLRQ WUDFNLQJ V\VWHP 7KLV H[SHULPHQW XVHV 
LQIUDUHG PDUNHU FDPHUDV DQG  YLGHR UHFRUGLQJ FDPHUD DV
VKRZQLQ)LJ

)LJXUH'PRWLRQFDSWXUHV\VWHP
7HQPDLQMRLQWVRIWKHKDQGPRWLRQGDWDFDQEHPHDVXUHG
E\PDUNHUVDVVKRZQLQ)LJ
6HW WKH WLPH WR FROOHFW D VHW RI GDWD LV  VHFRQGV WKH
VDPSOLQJIUHTXHQF\LV+]DQGWKHIROORZLQJILYHJHVWXUHV
DUH SHUIRUPHG LQ VHTXHQFH FRPPRQ IOH[LRQ FRH[WHQVLRQ
WKXPE IOH[LRQ WKXPESLQFK VSKHULFDO JULS 7KH PRWLRQ
FDSWXUHV\VWHPZLOOUHFRUGWKHWKUHHGLPHQVLRQDOFRRUGLQDWHV
RI HDFK SRLQW ZLWKLQ V WKHUHE\ REWDLQLQJ  VHWV RI
RULJLQDOWKUHHGLPHQVLRQDOFRRUGLQDWHGDWD1H[WWKHGDWDZLOO
EH SUHSURFHVVHG 7KH SUHSURFHVVLQJ LV GLYLGHG LQWR WKH
IROORZLQJWZRVWHSV

)LJXUH/RFDWLRQVRIPDUNHUVIRUKDQGPRWLRQFDSWXUH
&DOFXODWLRQRIWKHMRLQW520
2EWDLQLQJ WKH WKUHHGLPHQVLRQDO FRRUGLQDWHV RI HDFK
PDNHUE\PRWLRQFDSWXUHV\VWHP7KHIOH[LRQDQJOHRIWKHMRLQW
PRWLRQ LV VKRZQ LQ )LJ  DQG WKH 520 RI WKH MRLQW WR EH
PHDVXUHG FDQ EH FDOFXODWHG E\ E\ WKH WKUHH PDUNHUV )RU
H[DPSOH O?ܽଵǡ ܽଶǡ ܽଷO? O?ܾଵǡ ܾଶǡ ܾଷO? O?ܿଵǡ ܿଶǡ ܿଷO?WKUHHPDUNHUV FDQ EH XVHG WR FDOFXODWH )3,3 WKH 520 RI WKH
LQWHUSKDODQJHDOMRLQWRILQGH[ILQJHUE\DQGȁܣܤȁ ൌ ඥO?ܽଵ െ ܾଵO?ଶ ൅ O?ܽଶ െ ܾଶO?ଶ ൅ O?ܽଷ െ ܾଷO?ଶ  Łȁȁ ൌ ඥO?ܾଵ െ ܿଵO?ଶ ൅ O?ܾଶ െ ܿଶO?ଶ ൅ O?ܾଷ െ ܿଷO?ଶ   łȁȁ ൌ ඥO?ܽଵ െ ܿଵO?ଶ ൅ O?ܽଶ െ ܾଶO?ଶ ൅ O?ܽଷ െ ܾଷO?ଶ  Ń	 ൌ 	?	?	? െ ିଵ ȁȁଶ ൅ ȁȁଶ െ ȁȁଶ	 ? ൈȁȁ ൈ ȁȁ ń
 
)LJXUH520RIWKHKDQGMRLQWV
6RUWLQJ
 
7KH PRYHPHQW DQJOH GDWD RI HDFK MRLQW DUH DUUDQJHG LQ
GHVFHQGLQJRUGHUDQGWKHKLJKHVWDFWLYLW\RIWKHMRLQWVGXULQJ
WKHH[HUFLVHLVDUUDQJHGILUVWDQGWKHILUVWDUHH[WUDFWHGDV
WKHGDWDWREHWHVWHG
D. Motion quality level classification based on KNN 
algorithm  
$IWHU TXDQWLI\LQJ WKH %UXXQVWURP VWDQGDUG WKH MRLQW
DFWLYLW\RI HDFK HYDOXDWLRQ OHYHO LV REWDLQHG$V D UHIHUHQFH
WHPSODWHIRUHYDOXDWLRQDQGMXGJPHQWWKHVHWHPSODWHVFDQDOVR
EHVDPSOHVWKDWKDYHEHHQFRUUHFWO\FODVVLILHG7KHUHIRUHWKLV
SDSHU XVHV .11 DOJRULWKP WR DFKLHYH WKH FODVVLILFDWLRQ RI
UHKDELOLWDWLRQHYDOXDWLRQ
7KH.11.1HDUHVW1HLJKERUDOJRULWKPLVDZHOONQRZQ
SDWWHUQ UHFRJQLWLRQ VWDWLVWLFDO PHWKRG 7KH FRUH LGHD RI WKH
DOJRULWKP LV WKDW LI WKH PDMRULW\ RI WKH . PRVW QHLJKERULQJ
VDPSOHV LQ D IHDWXUH VSDFHEHORQJ WR D FHUWDLQ FDWHJRU\ WKH
VDPSOHDOVREHORQJVWRWKLVFDWHJRU\KDVWKHFKDUDFWHULVWLFVRI
WKHVDPSOHRQWKLVFDWHJRU\:HXVHWKHHYDOXDWLRQWHPSODWHDV
WKHVDPSOHGDWDIRUWKHWUDLQLQJ7KHFODVVLILFDWLRQVWHSVDUHDV
IROORZV>@
Step 1: Data initialization 
7HQVHSDUDWH MRLQWVDUHXVHGDV WKHFKDUDFWHULVWLFVRI WKH
VDPSOHDQGWKHVDPSOHGDWDDQGWKHWHVWGDWDDUHUHVSHFWLYHO\
UHJDUGHGDVDPDWUL[RI	?	? ൈ 	?	?
Step2: Calculating distance 
7KH WUDLQLQJ VDPSOHV DUH WUDYHUVHG DQG WKH (XFOLGHDQ
GLVWDQFHGLVWRIWKHGDWDWREHWHVWHGDQGHDFKVDPSOHGDWDLV
FDOFXODWHGE\݀݅ݏݐO?ݔǡ ݕO?ൌ ൣ	? ൫ݔ௝ െ ݕ௝൯ௗ௝ୀଵ ൧I?I?ൌ O?O?ݔ െ ݕO㬒?ݔ െ ݕO?்O?I?I Ņ
Step3: Sorting 
7KH WUDLQLQJ VDPSOHV DUH VRUWHG LQ DVFHQGLQJ RUGHU
DFFRUGLQJ WR WKH(XFOLGHDQGLVWDQFHDQG WKH WRS.ZLWK WKH
VPDOOHVW (XFOLGHDQ GLVWDQFH LV VHOHFWHG DV WKH .PD[LPXP
SUR[LPLW\GLVWDQFHPD[GLVW
Step 4: Comparison 
,WHUDWH WKURXJKDOO WKH WUDLQLQJ VDPSOHGDWDDQGFRPSDUH
WKH (XFOLGHDQ GLVWDQFH GLVW DQG .PD[LPXP ]HUR FORVH
GLVWDQFH PD[GLVW FDOFXODWHG LQ VWHS  RQH E\ RQH ,I GLVW LV
JUHDWHU WKDQ RU HTXDO WR PD[GLVW GLVFDUG WKH VDPSOH DQG
WUDYHUVHWKHQH[WVDPSOH,IGLVWLVVPDOOHUWKDQPD[GLVWLWLV
XVHGDV.QHDUHVWVDPSOH
Step5: Resulting statistics 
7KH IUHTXHQF\ RI RFFXUUHQFH RI HDFK FDWHJRU\ LQ WKH
.QHDUHVW QHLJKERU VDPSOH LV FRXQWHG DQG LW LV GHWHUPLQHG
WKDW WKH GDWD WR EH WHVWHG EHORQJV WR WKH FDWHJRU\ ZLWK WKH
KLJKHVWIUHTXHQF\RIRFFXUUHQFH
7KH HPSLULFDO UXOH LV WKDW . LV JHQHUDOO\ ORZHU WKDQ WKH
VTXDUHURRWRIWKHQXPEHURIWUDLQLQJVDPSOHV,IWKHNYDOXHLV
VHOHFWHGWRRVPDOOWKHFODVVLILFDWLRQDFFXUDF\ZLOOEHUHGXFHG
DQGWKHLQWHUIHUHQFHRIWKHQRLVHGDWDZLOOEHDPSOLILHGLIWKH
.YDOXHLVVHOHFWHGWRRODUJHWKHQRLVHZLOOLQFUHDVHDQGWKH
FODVVLILFDWLRQHIIHFWZLOOEHUHGXFHG7KHUHIRUHDIWHUWKHGDWD
WREHWHVWHGLVFODVVLILHGWKHHUURUUDWHLVFDOFXODWHGDQGWKH
GLIIHUHQW.YDOXHVDUHFRQWLQXRXVO\VHWWRUHWUDLQDQGILQDOO\
WKH.YDOXHZLWKWKHVPDOOHVWHUURUUDWHLVWDNHQ7KHQXPEHU
RI WUDLQLQJ VDPSOHV SHU H[SHULPHQW LV  VR WDNH  ൌ
O?	 ?ǡ 	 ?Ǥ Ǥ Ǥ Ǥ O ?ǡLLVOHVVWKDQRUHTXDOWRFRQGXFWWUDLQLQJ
ZKHQ.LVHTXDOWRWKHHUURUUDWHLVWKHVPDOOHVW
,,, 5(68/76$1'',6&866,21
,QWKLVH[SHULPHQWGDWDZHUHFROOHFWHGIURPKHDOWK\OLPEV
)RUFRPSDULVRQDQGYHULILFDWLRQWKHPRYHPHQWRIWKHDIIHFWHG
OLPE ZDV DOVR VLPXODWHG DFFRUGLQJ WR WKH  PRWRU IXQFWLRQ
OHYHOVRI%UXXQVWURPKDQGIXQFWLRQHYDOXDWLRQDQGWKHGDWDRI
WKHVLPXODWHGOLPEZHUHFROOHFWHG,QWKLVSDSHUH[SHULPHQWDO
UHVXOWVZHUHDQDO\]HGXVLQJWZRVHWVRIH[SHULPHQWDOGDWD2QH
JURXSZDV WKHQRUPDOPRYHPHQWRI WKHKDQGDQG WKHRWKHU
ZDV WKH PRWLRQ FKDUDFWHULVWLFV RI WKH KDQGPHDVXUHG RI
%UXXQVWURP,,,ILQJHUVIOH[HGLQKRRNJULSEXWQRWH[WHQGHG
,Q )LJ  LW VKRZV WKH UDQJH RI PRWLRQ RI WKH WKXPE
PHWDFDUSRSKDODQJHDO MRLQWDQGLQWHUSKDODQJHDO MRLQWDQG WKH
LQGH[ ILQJHU PHWDFDUSRSKDODQJHDO MRLQW DQG SUR[LPDO
LQWHUSKDODQJHDOMRLQWGXULQJVRIQRUPDOKDQGPRYHPHQW
)LJXUH520RIWKXPEPHWDFDUSRSKDODQJHDOMRLQWDQGLQWHUSKDODQJHDO
MRLQWLQGH[ILQJHUPHWDFDUSRSKDODQJHDOMRLQWDQGSUR[LPDOLQWHUSKDODQJHDO
MRLQW
$VFDQEHVHHQIURPWKH)LJWKHPD[LPXP520RIWKH
WKXPE PHWDFDUSRSKDODQJHDO MRLQW LV FORVH WR WKH  VWDQGDUG
520RIKXPDQWKXPEPHWDFDUSRSKDODQJHDOMRLQWDW7KH
PD[LPXP520RIWKXPELQWHUSKDODQJHDOMRLQWLVFORVHWRWKH
VWDQGDUGRIKXPDQVWDQGDUGWKXPEPHWDFDUSRSKDODQJHDOMRLQW
DW   $QG WKH PD[LPXP 520 RI WKH LQGH[ ILQJHU
PHWDFDUSRSKDODQJHDO MRLQW LV FORVH WR WKH VWDQGDUG 520 RI
KXPDQ LQGH[ ILQJHU PHWDFDUSRSKDODQJHDO MRLQW DW  
0D[LPXP520RIWKHLQGH[ILQJHULQWHUSKDODQJHDOLVFORVH
WRWKHVWDQGDUG520RIKXPDQLQGH[ILQJHULQWHUSKDODQJHDO
DW   $IWHU JHWWLQJ WKH GDWD WR EH WHVWHG REWDLQLQJ
UHKDELOLWDWLRQ HYDOXDWLRQ UHVXOWV E\ .11 FODVVLI\LQJ 7KH
UHVXOWVDUHVKRZQLQ)LJDQG)LJ
,Q)LJDEFDQGGDUHUHVSHFWLYHO\WKHJUDGH,,,
,9 9 DQG 9, DVVHVVPHQW WHPSODWHV RI %UXXQVWURP KDQG
DVVHVVPHQWFULWHULDDOORZDEOHHUURURIേ	?VRWKHUHDUHVHWV
RIGDWDIRUHDFKOHYHOUHSUHVHQWLQJWKHODUJHVWUDQJHRIMRLQW
PRWLRQRIWHQILQJHUVLQHDFKOHYHO)LJHVKRZVWKHGDWDWR
EHPHDVXUHGLQQRUPDOPRWLRQRIWKHKDQGDQGUHSUHVHQWVWKH
520RIWKHODUJHVWJURXSVZLWKMRLQWVLQQRUPDOPRWLRQ
RIWKHKDQG)LJILVWKHFODVVLILFDWLRQUHVXOWRIWKHGDWDWREH
WHVWHG7KH520WREH WHVWHGQHDUO\UHDFKHV WKH%UXQQVWURP
9,OHYHO)LJJVKRZVDPRQJWKHPLQLPXP.GLVWDQFHVLQ
 
WKHFODVVLILFDWLRQUHVXOWVWKHIUHTXHQF\RIWKH9,LVWKHKLJKHVW
VRWKHHYDOXDWLRQUHVXOW LV%UXQQVWURP9,7KHFODVVLILFDWLRQ
DFFXUDF\RI%UXQQVWURP9,UHIHUHQFHVDPSOHGDWDLV
,Q)LJDPRQJWKHFODVVLILFDWLRQUHVXOWVFODVV,,,KDVWKH
KLJKHVW IUHTXHQF\ RI RFFXUUHQFH DPRQJ WKH PLQLPXP .
GLVWDQFHVDQGWKHHYDOXDWLRQUHVXOWLV%UXQQVWURP,,,OHYHO
)LJXUH5HVXOWVRIQRUPDOOLPEPRYHPHQWV
)LJXUH5HVXOWVRI6LPXODWHGOLPEPRYHPHQW
 
,9 &21&/86,21
7KLVSDSHUGHVLJQVD UHKDELOLWDWLRQHYDOXDWLRQPHWKRGRI
WKHKDQGE\FRPELQLQJ WKHKDQG PRWRU MRLQW520ZLWK WKH
VWURNH UHKDELOLWDWLRQ DVVHVVPHQW %UXQQVWURP PHGLFDO VFDOH
7KH'RSWLFDOPRWLRQFDSWXUHV\VWHP4XDOLV\VZDVXVHGWR
FROOHFW WKH KDQG PRWLRQ FRRUGLQDWHV DQG WKH 520 ZDV
DQDO\]HG DQG SURFHVVHG DQG WKH HYDOXDWLRQ OHYHO ZDV
FODVVLILHGE\WKH.11DOJRULWKP,WLPSOHPHQWVDQDXWRPDWHG
UHKDELOLWDWLRQ DVVHVVPHQW PHWKRG WKDW FRPELQHV PDFKLQH
OHDUQLQJ ZLWK FOLQLFDO PHGLFLQH )XUWKHU UHVHDUFK ZLOO EH
FDUULHGRXW WRFRPELQHPXOWLPRGDO PRWLRQ LQIRUPDWLRQZLWK
UHKDELOLWDWLRQ DVVHVVPHQW DQG WR LPSURYH WKH DVVHVVPHQW
PHWKRG VR WKDW WKH DVVHVVPHQW WUDLQLQJ UHVXOWV FDQ EH
DXWRPDWLFDOO\ IHG EDFN LQWR YLUWXDO UHDOLW\ RU UHKDELOLWDWLRQ
URERW DVVLVWHG WUDLQLQJ ZKLFK ZLOO EHFRPH WKH EDVLV IRU
UHKDELOLWDWLRQ GHFLVLRQPDNLQJ DQG UHDOL]H DQ LQWHOOLJHQW
UHKDELOLWDWLRQV\VWHP
5()(5(1&(6
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